The infraorder Cicadomorpha is a monophyletic group of the order Hemiptera, suborder Auchenorrhyncha, and is composed of three superfamilies: Cercopoidea (spittle bugs), Cicadoidea (cicadas) and Membracoidea (leafhoppers and treehoppers). Phylogenetic relationships among the superfamilies have been highly controversial morphologically and molecularly, but recent molecular phylogenetic analyses provided support for Cercopoidea + Cicadoidea. In this study, we examined morphology of the wing base structure in Cicadomorpha and tested the previous phylogenetic hypotheses using the characters selected from the wing base. As a result, a sister-group relationship between Cicadoidea and Cercopoidea was supported by three synapomorphies (presence of a projection posterior to the anterior notal wing process, presence of a novel notal process anterior to the posterior notal wing process, presence of a novel sclerite between the distal median plate and the base of anal vein). The present study provides the first unambiguous and prominent morphological support for Cicadoidea + Cercopoidea.
INTRODUCTION
Cicadomorpha are an infraorder of the order Hemiptera (suborder Auchenorrhyncha) and are composed of three superfamilies: Cercopoidea (spittle bugs), Cicadoidea (cicadas) and Membracoidea (leafhoppers and treehoppers). The infraorder can be clearly distinguished from the other hemipterans morphologically (e.g. Dietrich 2005; Grimaldi & Engel 2005) , and its monophyly has been recognized consistently (Dietrich 2002; Cryan 2005; Forero 2008; Cryan & Urban 2012) . Monophyly of three cicadomorphan superfamilies has also been supported morphologically and molecularly (Evans 1963; Blocker 1996; Cryan 2005; Cryan & Urban 2012) .
Phylogenetic relationships among the superfamilies, in contrast, have been highly controversial (see Bourgoin & Campbell 2002; Cryan 2005; Forero 2008 ). This problem has also been challenged using molecular data, but earlier attempts failed to provide a reliable conclusion. For example, using 18S rDNA sequences, von Dohlen and M oran (1995) and S orens en et al. (1995) provided s upport for Cercopoidea + Membracoidea, whereas, using the same gene marker, and Ouvrard et al. (2000) provided Cicadoidea + Cercopoidea. Cryan (2005) claimed that the widely used 18S might not be a suitable marker in resolving this problem. Recently, Cryan (2005) and Cryan and Urban (2012) finally provided support for Cicadoidea + Cercopoidea with high support values based on extensive taxon sampling and multiple gene sequences.
However, morphology-based phylogeny is far from convincing, and all three possible relationships are still plausible (reviewed in Cryan 2005 and Forero 2008 ): i.e. C icad o id ea + M emb r aco id ea ( Ev an s 1 9 6 3 ; H amilto n 1 9 9 6 , 1 9 9 9 ) , C e r c o p o i d e a + M e m b r a c o i d e a ( H a m i l t o n 1 9 8 1 ; B l o c k e r 1 9 9 6 ) o r C icad o id ea + C er co p o id ea ( Lian g & F letch er 2 0 0 2 ; R ak ito v 2 0 0 2 ) . Cicadoidea + Cercopoidea, the relationship congruent with the latest molecular -2 / 10 -phylogeny, has also been suggested from the structures of antennae (Liang & Fletcher 2002) and the Malpighian tube (Rakitov 2002) . However, this relationship was suggested based on limited taxon sampling without quantitative analysis (Liang & Fletcher 2002; Rakitov 2002) or even based solely on "similarity" (i.e. polarity of the similarities has not been tested based on outgroup comparison, Liang & Fletcher 2002) . Therefore, morphology-based phylogenetic analysis using different and reliable character systems with wider taxon sampling is still desired in testing the phylogenetic hypotheses of Cicadomorpha (Cryan 2005; Cryan & Urban 2012) .
The wing base structure consists of the lateral notal margin, three axillary sclerites, two median plates and the bases of the wing veins. The structure is known to evolve very slowly and consists of many sclerites with complicated articulations (Hörnschemeyer 2002; Hörnschemeyer & Willkommen 2007) . Therefore, a number of characters can be coded from the structure; these are useful for higher level phylogenetic estimation (Yoshizawa 2011) . Yoshizawa and Saigusa (2001) applied the characters selected from the wing base for recovering the ordinal and infraordinal phylogeny of Paraneoptera, including the hemipteran infraorders. At that time, most morphological (Hamilton 1981; Bourgoin 1986a Bourgoin , b, 1993 Wootton & Betts 1986; Bourgoin & Huang 1990 ) and molecular Sorensen et al. 1995; Bourgoin et al. 1997; Ouvrard et al. 2000; Xie et al. 2008 ) studies suggested paraphyly of Auchenorrhyncha (hemipteran infraorder including Cicadomorpha and Fulgoromorpha). However, phylogenetic analysis based on the wing base characters clearly showed that the infraorder is monophyletic (Yoshizawa & Saigusa 2001) . Recent molecular analyses based on multiple gene markers (Cryan & Urban 2012) provided strong support for Auchenorrhyncha, corroborating the significance of the wing base structure for the higher-level systematics of Hemiptera.
In this study, we examined the fore-and hindwing base structures of Cicadomorpha and, using the characters selected from the wing base, phylogenetic relationships among the cicadomorphan superfamilies were estimated.
MATERIALS AND METHODS
Taxa examined are listed in Table 1 . Dried specimens or specimens stored in 80% ethanol were used. Methods for preparation, observation and illustration followed Yoshizawa (2011) . Vouchers are deposited in the Hokkaido University Insect Collection. Terminology followed Yoshizawa and Saigusa (2001) . The following abbreviations were used in the text and figures: anterior, median, posterior notal wing processes = ANWP, MNWP, PNWP; pseudo-PNWP = pPNWP (see below); first, second, third axillary sclerites = 1Ax, 2Ax, 3Ax; proximal, distal median plates = PMP, DMP; tegula = Tg; humeral plate = HP; basisubcostale = BSc; basiradiale = BR; basanale = BA. In the figures, the numbers followed by a bracket indicate the character number, and the numbers in the brackets indicate state of the character.
Both fore-and hindwing base structures were subjected for character coding. As mentioned previously (Yoshizawa & Saigusa 2001; Ninomiya & Yoshizawa 2009; Yoshizawa 2011) , fore-and hindwing base structures usually show analogous modifications when both wings are homogeneous in shape (e.g. Odonata, Plecoptera, Psocodea etc.). In such cases, use of both wings for character coding may cause double counting of a single character and thus should be avoided. However, fore-and hindwings of hemipterans are significantly different in shape and function, and their basal structures also show differences in general. Therefore, use of both wings may be justified. In contrast, similar trends were also identified for sometimes between foreand hindwing base modifications. Therefore, the characters were coded according to the following categories. Fore-or hindwing: modifications restricted to one of two wings, for which each modification occurring on different wing was coded separately; foreand hindwings: modifications observed in both wings, for which modifications on both wings were treated as a single character. Detailed discussions were also given in the character list.
For phylogenetic analysis, each family was treated as a terminal taxon for ingroups. When a character was variable within a family, it was coded as a variable character (i.e. 0/1). Quantitative characters were not coded unless variation was not continuous and could be coded clearly. Outgroups were selected from Fulgoromorpha (sister taxon of Cicadomorpha) and Heteroptera (one of the sister taxa of Auchenorrhyncha) (Yoshizawa & Saigusa 2001; Cryan & Urban 2012) , and these higher taxa were treated as terminals. PAUP* 4.0b10 software (Swofford 2002) was used for cladistic analysis, with the branch-and-bound search option. Trees were rooted with Heteroptera. The Bremer support value was calculated using TreeRot3 software (Sorenson & Franzosa 2007) . The character state changes and the consistency and retention indices were calculated using MacClade 4 software (Maddison & Maddison 2001) . The data matrix is shown in Table 2 and is also available online as a Supplementary file (in nexus format).
RESULTS

Morphology of forewing base (Figs 1-10)
The general morphology of the auchenorrhynchan forewing base structure was described by Yoshizawa and Saigusa (2001) , in which the criteria and landmarks for homology identification of each structure were also explained. The absence of tegula has been recognized as one of the autapomorphies of Cicadomorpha (e.g. Dietrich 2005; Grimaldi & Engel 2005), but we detected the weakly sclerotized tegula throughout the taxa examined (see also Yoshizawa & Saigusa 2001) . Therefore, the absence of tegula should be excluded from the autapomorphies of the infraorder.
The present examination identified the following variations in the forewing base structure among the taxa examined. Character length (l), consistency index (ci) and retention index (ri) calculated on the optimized trees (see Phylogenetic Analysis section) were also noted. Character 1. Anterodistal corner of HP: smoothly rounded (0); acutely pointed (1). l = 1, ci = 1, ri = 0. State 1 only but consistently observed in Cicadidae (Cicadoidea: Fig. 2 ). Character 2. Posterodistal corner of HP: no swelling (0); with swelling (1). l = 1, ci = 1, ri = 1. State 1 was observed in Cicadoidea (Figs 1,2). Character 3. ANWP: without posterior projection (0); with posterior projection fitting into concavity of 1Ax when wings are closed (1). l = 1, ci = 1, ri = 1. State 1 was observed in Cicadoidea (Figs 1,2) and Cercopoidea (Figs 3-5). Detailed condition of the closed wing is explained in Figure 9 . Character 4. Distal margin of DMP1: no swelling (0); with strong swelling overlapping DMP2 (1). l = 1, ci = 1, ri = 1. State 1 was observed in Cicadellidae ( Fig. 6) and Membracidae ( Fig. 7) (Membracoidea). Character 5. Anterodistal corner of DMP1: no tubercle (0); with tubercle (1). l = 1, ci = 1, ri = 1. State 1 was observed in Cicadoidea (Figs 1,2 ). Character 6. Sclerite posterior to DMP1: absent (0); present (1). l = 1, ci = 1, ri = 1.
State 1 was observed in all three superfamilies. See Figure 10 and discussion under Character 7 for detailed discussion on homologization. Character 7. Sclerite distal to Character 6[1]: absent (0); present (1). l = 1, ci = 1, ri = 1.
State 1 was observed in Cicadoidea (Figs 1,2) and Cercopoidea (Figs 3-5). In some taxa examined, one or two small sclerites were observed posterior to DMP1. Judging from their relative positions, they may be interpreted as PMP. DMP and PMP are separated along the convex axillary fold line (Wootton 1979; Yoshizawa & -4 / 10 -Saigusa 2001). However, this line runs posterior to the small sclerites (e.g. Fig. 2) . Therefore, the sclerites can not be homologized with PMP and should be regarded as newly derived sclerites. As seen from Figure 10 , the sclerite coded as Character 6[1] is tightly associated with DMP1 whereas the sclerite coded as Character 7[1] is tightly associated with the base of the anal vein. Based on this difference, homology of two sclerites can be identified clearly. Character 8. DMP2: small (0); enlarged (1). l = 2, ci = 0.5, ri = 0.5. This is a quantitative character that may involve ambiguity for character coding. When DMP2 is significantly smaller than 2Ax, that was regarded as small (state 0: Figs 2,7) , and DMP2 is about the same size with or larger than 2Ax, which was considered to be enlarged (state 1). State 1 was widely observed throughout Cicadomorpha but, in Cicadidae (Cicadoidea: Fig. 2 ) and some species of Membracidae (Membracoidea: Fig. 7) , DMP2 is apparently smaller than 2Ax. Character 9. PNWP: present (0); absent (1). l = 2, ci = 0.5, ri = 0.5. State 1 was observed in Cicadellidae, Membracidae (Figs 6,7: Membracoidea) and Aphrophoridae (Fig. 5: Cercopoidea) . See also explanation under Character 15. Character 10. Jugum: well developed (0); reduced or absent (1). l = 1, ci = 1, ri = 1. This is a quantitative character, but there was no ambiguity to separate two states of this character (e.g. see Figs 1,3). State 1 was widely observed throughout the ingroups and outgroups, but state 0 was observed in Cicadoidea (Figs 1,2) , Heteroptera and some fulgoromorphans (Fig. 8 ).
Morphology of hindwing base (Figs 1-8)
The hindwing base structure of Auchenorrhyncha is superficially very different from that of the forewing but consists of the fundamental sclerites as observed in the forewing base. Therefore, homology identification could be done based on the criteria and landmarks as used for the homologization of the forewing base sclerites (Yoshizawa & Saigusa 2001) . The apomorphies commonly observed in the paraneopteran (e.g. reduction of the head and neck of 1Ax, fusion of BSc and 2Ax, bulged anterior region of 2Ax etc.) or auchenorrhynchan (i.e. absence of PMP: Yoshizawa & Saigusa 2001) forewing base were also identified in the hindwing base. Some significant differences between the fore-and hindwing bases are as follows (conditions observed in the forewing are noted in the parentheses): PNWP almost always absent (absent for limited taxa); HP not tightly fused with BSc (tightly fused); DMP undivided (divided into two sclerites); BA fused with 3Ax (articulated). However, these were uniformly observed throughout the taxa examined and thus were not coded for the analysis. In addition to the above points, the present examination identified the following modifications among the taxa examined. Character 11. Anterolateral region of notum: not separated (0); separated from median and posterior regions (1). l = 2, ci = 0.5, ri = 0.5. State 1 was observed in Membracidae (Membracoidea: Fig. 7) and Cercopoidea (Figs 3-4) . However, in some species of Aphrophoridae (Cercopoidea), the lateral notal plate is only partly separated from the other regions (Fig. 5) . Therefore, state 0/1 was given for the family. Character 12. Notum and 3Ax: widely separated by membrane (0); tightly articulated (1). l = 1, ci = 1, ri = 1 (topology1); l = 2, ci = 0.5, ri = 0.5 (topology2). State 1 was observed in Machaerotidae, Cercopidae (Cercopoidea : Figs 3,4 ) and some species of Membracidae (Membracoidea: Fig. 7) . Character 13. 1Ax: present (0); absent (1). l = 1, ci = 1, ri = 1. State 1 was clearly and consistently observed throughout Cercopoidea (Figs 3-5 ). This is a very peculiar modification never observed before (e.g. Yoshizawa (Brodsky 1994) , the functional aspect of this modification is also very interesting.
Modifications occurring in both wings (Figs 1-8)
The following characters were variable among the taxa examined, and modifications were observed in both the fore-and hindwing bases. Character 14. BSc-2Ax fusion: almost entirely fused (0); only partly fused (1). l = 1, ci = 1, ri = 1. The character state 0 was observed throughout the paraneopteran outgroups (Yoshizawa & Saigusa 2001) , and state 1 was only observed in Cicadoidea (Figs 1,2) among the ingroups. Character 15. Pseudo-PNWP: absent (0); present (1). l = 1, ci = 1, ri = 1. State 1 of this character was observed in Cicadoidea and Cercopoidea (Figs 1-5) . pPNWP is considered here as a de novo structure which occurs anterior to PNWP and articulates with the posterior arm of 3Ax along the basal hinge. In the forewings of Tettigarctidae, Cicadidae (Cicadoidea: Figs 1,2) , Machaerotidae and Cercopidae (Cercopoidea: Figs 3,4) , two sclerites are extended from the notum and articulated with 3Ax along the basal hinge: one apparently represents the true PNWP extending from the posterior corner of the notum, and the other one is termed and homologized here as the pseudo-PNWP. In these groups, pPNWP is placed far distant from the posterior end of the notum. In some cases (e.g. Aphrophoridae: Cercopoidea: Fig. 5 ), 3Ax articulates only with pPNWP in the forewing, and true PNWP was considered to be completely absent (Character 9[1] ). Therefore, their homology identification contains some difficulties. When 3Ax articulates proximally with the process arising distantly from the posterior margin of the notum, the process was homologized as pPNWP (Fig. 5 ). In addition to the homology identification, distribution of the character state 1 is complicated, i.e. present in both wing bases in Tettigarctidae, Cicadidae (Cicadoidea : Figs 1,2) and Aphrophoridae (Cercopoidea: Fig. 5 ), or present only in the forewing base in Machaerotidae and Cercopidae (Cercopoidea : Figs 3,4) . Therefore, it causes difficulty in character coding. However, pPNWP is apparently a de novo character never observed in the outgroups, and its occurrence can be considered as a single gain character. In the cases of the hindwing of Machaerotidae and Cercopidae (Cercopoidea), 3Ax articulates directly with the notal margin (Figs 3,4) . This apparently represents a derived condition (Character 12[1]) so that, in these cases, secondary reduction of pPNWP is also highly plausible. Therefore, we treated the presence or absence of pPNWP as a fore-and hindwing base character and coded state 1 for this character when pPNWP occurs at least one of two wings. A superficially similar sclerite was also observed in the forewing of some Fulgoromorpha (Tettigometridae and Cixiidae, Fig. 8 ), but the sclerite is located outer to the basal hinge, whereas pPNWP is located internal to the hinge line (Figs 1-5) . Therefore, they clearly represent different structures. Character 16. Condition of pPNWP: separated from notum (0); fused with notum (1). l = 2, ci = 0.5, ri = 0 (topology1); l = 1, ci = 1, ri = 1 (topology2). State 1 was observed in Machaerotidae and Aphrophoridae (Cercopoidea : Figs 3,5 ). The state of this character was treated as unknown (?) for Membracoidea and outgroups because of lack of pPNWP (Figs 6-8). Although state 1 was only observed in the forewing, this character is listed here in relation to Character 15.
Phylogenetic analysis
Phylogenetic analysis of the data set coded from the wing base characters (Table 2) provided two equally parsimonious trees, both with L = 20, CI = 0.80 and RI = 0.84 ( Fig. 11 ). Three autapomorphies of Cicadomorpha were detected (Bremer support value [BS] = 2), of which one was non-homoplasious (Character 6). Monophyly of all three superfamilies was supported: Membracoidea by two autapomorphies (BS = 2) with a non-homoplasious one (Character 4), Cicadoidea by four autapomorphies (BS = 4) with three non-homoplasious ones (Characters 2, 5 and 14), and Cercopoidea by one to three autapomorphies (BS = 1), with a non-homoplasious one (Character 13). Within the Cicadomorpha, Membracoidea were sister to a clade comprising Cicadoidea and Cercopoidea (BS = 3). Synapomorphies supporting Cicadoidea + Cercopoidea are the presence of the posterior projection of ANWP (Character 3[1] ), presence of two sclerites posterior to DMP1 (Character 7[1] ) and presence of pseudo-PNWP (Character 15[1]) (Figs 1-5,9,10) : all of these non-homoplasious. More than two families were sampled from Cercopoidea, and the difference of two topologies concerned the relationships among cercopoid families. Topology1 (Fig. 11) supported Machaerotidae + Cercopidae with two homoplasious characters (Characters 11 and 12). Topology2 (Fig. 11) supported Machaerotidae + Aphrophoridae with a nonhomoplasious Character 16.
DISCUSSION
By the present phylogenetic analysis based solely on the wing base characters, all the cicadomorphan superfamilies were recovered to be monophyletic, and new autapomorphies for Cicadomorpha were also identified (Fig. 11 ). These results are in agreement with the traditional and molecular phylogenies, for which consensus has been well established (e.g. Cryan 2005; Forero 2008 ). This shows that the wing base structure contains useful phylogenetic signals for recovering the superfamily-level phylogeny of Hemiptera. Most importantly, the present analysis yielded the trees supporting Cicadoidea + Cercopoidea (Fig. 11 ). This result is concordant with the recent molecular phylogenetic analyses based on multiple gene markers with extensive taxon sampling (Cryan 2005; Cryan & Urban 2012) . In contrast, morphological support for this relationship is still debatable (Cryan 2005; Forero 2008 ). Three synapomorphies of Cicadoidea and Cercopoidea detected from the wing base are all gain characters, not homoplasious, and highly complicated in modifications 9, 10) . In contrast, two characters were identified to contradict to the result and support Cercopoidea + Membracoidea (Characters 11[1] and 12[1]). However, these character states were only observed in limited members of the superfamily Membracoidea and also variable within a family (i.e. 11[0/1] for Aphrophoridae and 12[0/1] for Membracidae). Therefore, these are far less reliable characters than those supporting Cicadoidea + Cercopoidea. Additional morphological characters supporting Cicadoidea + Cercopoidea have also been identified previously: the similarity of antennal character (Liang & Fletcher 2002 but note that polarity of the similarity has not been tested) and modification of the Malpighian tubes in nymphs (Rakitov 2002) . Given the morphological support from the independent character systems, the sister group relationship between Cicadoidea and Cercopoidea can now be regarded as robust morphologically, as well as molecularly (Cryan 2005; Cryan & Urban 2012) .
In contrast, the present analysis also provided apparently contradicting results with the results from the molecular analyses. In the present trees, either Machaerotidae + Cercopidae (Fig. 11, topology1 ) or Machaerotidae + Aphrophoridae (Fig. 11, topology2 ) was supported within Cercopoidea whereas, in the molecular trees, a closer relationship between Cercopidae and Aphrophoridae is supported with high support values (Cryan 2005; Cryan & Urban 2012) . However, support from the wing base for the relationships within Cercopoidea was weak (Bremer support value = 0 for both topologies) and thus the results from the wing base are less reliable.
In conclusion, the characters selected from the wing base structure provided a highly resolved phylogenetic tree of Cicadomorpha that is well congruent with the molecular trees. The sister-group relationship between Cicadoidea + Cercopoidea can be now considered as receiving strong support morphologically and molecularly.
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